Abstract: Traffic air pollution significantly influences cyclists using cycling routes near main roads. We analyze the dependency of black carbon (BC) concentrations in relation to the proximity to their traffic sources. We performed static and mobile measurements of BC using aethalometers at chosen sites and cycling routes in Celje, Slovenia-static measurements at two road-side sites and an urban background site. Mobile measurements were performed simultaneously at an existing cycling route and an alternative route away from the busy roads. BC concentration apportioned to traffic decreases with the distance from the sources on the main road. The exposure of cyclists to BC can be greatly reduced by moving the cycling route away from busy roads, hence we propose an alternative route and show that traffic planning and management should include all modes of transport. Results imply that street intersections along the cycling routes influence the cyclists' exposure and should be as few as possible when planning cycling routes in urban areas.
Introduction
Epidemiological studies provide sufficient evidence of the association of cardiopulmonary morbidity and mortality with black carbon (BC) exposure. The review of toxicological studies suggested that BC may not be a major directly toxic component of fine particulate matter (PM 2.5 ), but it may operate as a universal carrier of a wide variety of chemicals of varying toxicity to the human body. A reduction in exposure to PM 2.5 containing BC and other combustion-related particulate material for which BC is an indirect indicator, should lead to a reduction in the health effects associated with PM and simultaneously contribute to the mitigation of climate change [1] . BC (as a special PM 2.5 ) causes serious health concerns: it is associated with asthma and other respiratory problems, heart attacks and lung cancer [2] .
Many studies have confirmed highly spatially heterogeneous pollutant concentrations in urban areas, with rapid decrease of concentration with increasing distance from vehicle emissions, which significantly influences exposure levels (e.g., [3, 4] ). The main parameters which help to reduce near-roadway pollution are lower traffic densities and fewer intersections, since several studies have proven an increased exposure due to higher emissions from vehicle accelerations at intersections [5] [6] [7] . Urban built environment has a complex influence on pollutant dispersion characteristics near roads. A comprehensive study of the effects of built environment, traffic patterns and micrometeorology revealed that heterogeneous building morphology helps to reduce concentrations of traffic emissions by increasing the surface turbulence [7] . The site K4 is located at the intersection of two main streets in the city (Mariborska and Kidričeva Street) with eight traffic lanes in total and highest traffic density. The intersection is characterized by heavy and frequent stop-and-go traffic. To the north, Mariborska Street continues onto a highway. The aethalometer was installed 3 m above the pavement immediately next to the street.
The traffic site B is located close to the Mariborska Street, with the aethalometer installed 3 m above the bike lane which is 30 m away from the underpass. Some 50 m further, there is also a bus station. The intersection located 30 m away from our measuring place is smaller than the one at location K4, with four traffic lanes traversing. Next to the measurement site, the vehicles do not queue or accelerate.
The urban background location (A) was selected between the two traffic sites, behind a fourstory building, 20 m away from Mariborska Street, which rises from the railway underpass right at that point. Besides static continuous measurements, mobile measurements were performed along the existing cycling route on the Mariborska Street and on the selected alternative cycling route The site K4 is located at the intersection of two main streets in the city (Mariborska and Kidričeva Street) with eight traffic lanes in total and highest traffic density. The intersection is characterized by heavy and frequent stop-and-go traffic. To the north, Mariborska Street continues onto a highway. The aethalometer was installed 3 m above the pavement immediately next to the street.
The urban background location (A) was selected between the two traffic sites, behind a four-story building, 20 m away from Mariborska Street, which rises from the railway underpass right at that point. Besides static continuous measurements, mobile measurements were performed along the existing cycling route on the Mariborska Street and on the selected alternative cycling route simultaneously ( Figure 1 ) on 31 May 2017. The only major source of BC during this period is expected to be diesel exhaust from traffic. To evaluate the impact of route attributes to the preference of route choice, several parameters were considered. As identified in the published research, the most important ones are the length/travel time, elevation gradient, existence of bike lanes, traffic volume and several others e.g., [10] . The elevation and speed graphs of the mobile measurements of both routes are presented in Figure 2 . The upper graph shows the main route (at Mariborska Street), which is 3.19 km long and took 10 min and 29 s to complete. It has five intersections with a traffic light, where the cyclists may need to stop. The lower graph shows the alternative route which is 3.03 km long and takes 9 min and 29 s. It features one intersection where cyclists may need to stop, one underpass and one road crosswalk. The altitude difference between the start and end point is 25 m. Mobile measurements started at the northmost point on Mariborska Street and continued along the street, and the alternative route journey started at the southmost point where Mariborska route ends and ended at the starting point of the mobile measurements. The cycling route at Mariborska, therefore, went slightly downhill and we expected that it is quicker than the alternative route which runs slightly uphill. However, the alternative path was quicker, because there is just one traffic light where the cyclists may need to stop. In this respect, the alternative route presents also the choice with lower exposure time.
Atmosphere 2018, 9, 21 4 of 12 simultaneously ( Figure 1 ) on 31 May 2017. The only major source of BC during this period is expected to be diesel exhaust from traffic.
To evaluate the impact of route attributes to the preference of route choice, several parameters were considered. As identified in the published research, the most important ones are the length/travel time, elevation gradient, existence of bike lanes, traffic volume and several others [e.g., 10]. The elevation and speed graphs of the mobile measurements of both routes are presented in Figure 2 . The upper graph shows the main route (at Mariborska Street), which is 3.19 km long and took 10 min and 29 s to complete. It has five intersections with a traffic light, where the cyclists may need to stop. The lower graph shows the alternative route which is 3.03 km long and takes 9 min and 29 s. It features one intersection where cyclists may need to stop, one underpass and one road crosswalk. The altitude difference between the start and end point is 25 m. Mobile measurements started at the northmost point on Mariborska Street and continued along the street, and the alternative route journey started at the southmost point where Mariborska route ends and ended at the starting point of the mobile measurements. The cycling route at Mariborska, therefore, went slightly downhill and we expected that it is quicker than the alternative route which runs slightly uphill. However, the alternative path was quicker, because there is just one traffic light where the cyclists may need to stop. In this respect, the alternative route presents also the choice with lower exposure time. 
Measurement Set-Up and Instrumentation
Measurements of black carbon concentrations were conducted using the Magee Scientific Aethalometer AE-33 (Aerosol d.o.o., Ljubljana, Slovenia). Two instruments were used, one of them installed at the background station (A), whereas the other one was installed inside a closed box mounted to the street light support pole 3 m above the bike lane at the intersection K4 and traffic site B, respectively. The aethalometer samples air through a filter tape with a flow rate of 5 L per min. The gradual accumulation of light absorbing carbonaceous aerosols causes a gradual decline in the optical transmission of light and an increase in attenuation. BC concentration is calculated based on measurements of the rate of increase of light attenuation at the 880-nm wavelength in 1-min time increments. The mass absorption cross section σair of 7.77 m 2 g −1 and a multiple scattering parameter C = 1.57 are used to convert measurements of attenuation to BC mass concentration. BC source apportionment featured in the AE-33 software uses the so-called aethalometer model described by Sandradewi et al. [26] and is based on the source specific dependence of light absorption by aerosols. 
Measurements of black carbon concentrations were conducted using the Magee Scientific Aethalometer AE-33 (Aerosol d.o.o., Ljubljana, Slovenia). Two instruments were used, one of them installed at the background station (A), whereas the other one was installed inside a closed box mounted to the street light support pole 3 m above the bike lane at the intersection K4 and traffic site B, respectively. The aethalometer samples air through a filter tape with a flow rate of 5 L per min. The gradual accumulation of light absorbing carbonaceous aerosols causes a gradual decline in the optical transmission of light and an increase in attenuation. BC concentration is calculated based on measurements of the rate of increase of light attenuation at the 880-nm wavelength in 1-min time increments. The mass absorption cross section σ air of 7.77 m 2 g −1 and a multiple scattering parameter C = 1.57 are used to convert measurements of attenuation to BC mass concentration. BC source apportionment featured in the AE-33 software uses the so-called aethalometer model described by Sandradewi et al. [26] and is based on the source specific dependence of light absorption by aerosols. Fresh BC from diesel exhaust is assumed to have an absorption Ångström exponent (AAE) close to 1 [27] , whereas biomass burning aerosols show an enhancement of light absorption at shorter wavelengths and, thus, a higher value of AAE, which is calculated based on the wavelength (λ) dependence of the aerosol absorption coefficient (b abs is proportional to λ -AAE ). The wavelength pair of 470 and 950 nm, and a combination of 1 and 2 AAE values were used for traffic and biomass burning contribution, respectively.
Mobile measurements along both cycling routes were conducted using the same AE-33 devices and the same time resolution (1-min). Measurements were carried out at walking speed using a cart in order to capture highly spatially resolved BC concentrations. GPS coordinates were recorded by an external GPS monitor connected to the AE-33.
The public database of meteorological observations provided by the Slovenian Environment Agency was used for interpretation of BC temporal variation. Air temperature (T), pressure (p), relative humidity (RH), wind speed (ws) and direction (wd) and amount of precipitation were measured with half-hour time resolution at the meteorological station located about 1 km east of our study area. Additionally, modelled atmospheric stability data were downloaded from the National Oceanic and Atmospheric Administration (NOAA) database. Dataset includes, among other parameters, modelled values of PBL (planetary boundary layer) height (z i ) and Pasquill stability class (PSQ) [28] , which classifies atmospheric stability into seven classes, sorted from A to G from the least to the most stable atmospheric conditions, A-D representing day-light, and F-G night-time conditions.
Road traffic flow along the main road (Mariborska Street) is shown in Figure 3 -the data were obtained from the official road traffic counting by the Slovenian Infrastructure Agency (Ministry of Infrastructure, Republic of Slovenia). Measurements were performed during two typical working days and the average of both days represents the official measurement. Based on the data of the Statistical Office of Republic of Slovenia (SI-STAT) the ratio between gasoline and diesel cars in Slovenia is 55 (gasoline):45 (diesel). Data analyses were performed using R with the visualization packages "ggplot2" [29] and "ggmap" [30] .
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Fresh BC from diesel exhaust is assumed to have an absorption Ångström exponent (AAE) close to 1 [27] , whereas biomass burning aerosols show an enhancement of light absorption at shorter wavelengths and, thus, a higher value of AAE, which is calculated based on the wavelength (λ) dependence of the aerosol absorption coefficient (babs is proportional to λ -AAE ). The wavelength pair of 470 and 950 nm, and a combination of 1 and 2 AAE values were used for traffic and biomass burning contribution, respectively. Mobile measurements along both cycling routes were conducted using the same AE-33 devices and the same time resolution (1-min). Measurements were carried out at walking speed using a cart in order to capture highly spatially resolved BC concentrations. GPS coordinates were recorded by an external GPS monitor connected to the AE-33.
The public database of meteorological observations provided by the Slovenian Environment Agency was used for interpretation of BC temporal variation. Air temperature (T), pressure (p), relative humidity (RH), wind speed (ws) and direction (wd) and amount of precipitation were measured with half-hour time resolution at the meteorological station located about 1 km east of our study area. Additionally, modelled atmospheric stability data were downloaded from the National Oceanic and Atmospheric Administration (NOAA) database. Dataset includes, among other parameters, modelled values of PBL (planetary boundary layer) height (zi) and Pasquill stability class (PSQ) [28] , which classifies atmospheric stability into seven classes, sorted from A to G from the least to the most stable atmospheric conditions, A-D representing day-light, and F-G night-time conditions.
Road traffic flow along the main road (Mariborska Street) is shown in Figure 3 -the data were obtained from the official road traffic counting by the Slovenian Infrastructure Agency (Ministry of Infrastructure, Republic of Slovenia). Measurements were performed during two typical working days and the average of both days represents the official measurement. Based on the data of the Statistical Office of Republic of Slovenia (SI-STAT) the ratio between gasoline and diesel cars in Slovenia is 55 (gasoline):45 (diesel). Data analyses were performed using R with the visualization packages "ggplot2" [29] and "ggmap" [30] . 
Results and Discussion

Traffic Density
The number of vehicles, passing the intersection K4 was 20,657 diesel vehicles, of which there were 16,175 diesel cars, 233 buses and 4249 freight vehicles. At site B, 12,920 diesel vehicles passed with 10,011 diesel cars, 204 buses and 2705 freight vehicles. All buses in Slovenia, except few intracity buses in Ljubljana and Maribor, use diesel fuel; the same is true for freight vehicles. Diurnal distribution is similar at both sites, with overall, 1.6-times more traffic at intersection K4 compared to site B. Although traffic counts are increased by 1.62-and 1.57-times for cars and freight vehicles, respectively, Mariborska Street represents the main bus line to the city center and, thus, only a 12% decrease of number of buses is observed from intersection K4 to site B. 
Results and Discussion
Traffic Density
The number of vehicles, passing the intersection K4 was 20,657 diesel vehicles, of which there were 16,175 diesel cars, 233 buses and 4249 freight vehicles. At site B, 12,920 diesel vehicles passed with 10,011 diesel cars, 204 buses and 2705 freight vehicles. All buses in Slovenia, except few intracity buses in Ljubljana and Maribor, use diesel fuel; the same is true for freight vehicles. Diurnal distribution is similar at both sites, with overall, 1.6-times more traffic at intersection K4 compared to site B. Although traffic counts are increased by 1.62-and 1.57-times for cars and freight vehicles, respectively, Mariborska Street represents the main bus line to the city center and, thus, only a 12% decrease of number of buses is observed from intersection K4 to site B.
Temporal Evolution of BC Concentrations and Their Spatial Distribution
Black carbon concentrations exhibit characteristic seasonal behavior with higher concentrations during colder seasons and lower concentrations in the warmer part of the year. The seasonality is governed partly by higher BC emission rates due to biomass burning in winter months which are enhanced by stronger atmospheric stability and low wind conditions. Summary of BC concentration measurements during both periods, winter (January-February 2017) and spring (March-May 2017) for different measurement sites is presented in Table 1 . Mean (± standard deviation) winter BC concentration measured at the background station was 6.0 ± 4.6 µg m −3 with the mean biomass burning (BB) fraction of 39 ± 18%. BC concentration was considerably lower in the spring period (2.8 ± 2.8 µg m −3 ) with the BB fraction between 20% and 30%. A decreasing BB contribution can be observed based on monthly statistics presented in Figure 4a . BC from biomass burning (BC BB ) diminishes towards April and May, whereas traffic-related BC (BC TR ) decreases towards an average value between 1-2 µg m −3 . Despite only diurnal and weekly cycle (working days, weekend) expected for traffic-related BC emissions, the seasonal pattern of BC TR concentration results from the seasonality of planetary boundary layer (PBL). PBL plays an important role in controlling the dispersion of air pollutants emitted from ground sources. Thus, temperature inversion, as an extreme case of high PBL stability, and windless conditions favor the accumulation of BC in a thin atmospheric layer close to the ground. As can be observed from Figure 4b ,c, PBL height decreases from A to D class and is generally lower than 100 m during night-time conditions (classes E, F and G). Higher PBL is associated with stronger dispersion and consequently lower pollutant concentrations (Figure 4b ). This effect is more obvious for BC from biomass burning due to more homogeneous spatial distribution. On the contrary, traffic-related BC depends more on temporal variation of sources. The closer the source of emission, less dispersion is observed, regardless of PSQ class.
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Black carbon concentrations exhibit characteristic seasonal behavior with higher concentrations during colder seasons and lower concentrations in the warmer part of the year. The seasonality is governed partly by higher BC emission rates due to biomass burning in winter months which are enhanced by stronger atmospheric stability and low wind conditions. Summary of BC concentration measurements during both periods, winter (January-February 2017) and spring (March-May 2017) for different measurement sites is presented in Table 1 . Mean (± standard deviation) winter BC concentration measured at the background station was 6.0 ± 4.6 µg m −3 with the mean biomass burning (BB) fraction of 39 ± 18%. BC concentration was considerably lower in the spring period (2.8 ± 2.8 µg m −3 ) with the BB fraction between 20% and 30%. A decreasing BB contribution can be observed based on monthly statistics presented in Figure 4a . BC from biomass burning (BCBB) diminishes towards April and May, whereas traffic-related BC (BCTR) decreases towards an average value between 1-2 µg m −3 . Despite only diurnal and weekly cycle (working days, weekend) expected for traffic-related BC emissions, the seasonal pattern of BCTR concentration results from the seasonality of planetary boundary layer (PBL). PBL plays an important role in controlling the dispersion of air pollutants emitted from ground sources. Thus, temperature inversion, as an extreme case of high PBL stability, and windless conditions favor the accumulation of BC in a thin atmospheric layer close to the ground. As can be observed from Figure 4b ,c, PBL height decreases from A to D class and is generally lower than 100 m during night-time conditions (classes E, F and G). Higher PBL is associated with stronger dispersion and consequently lower pollutant concentrations (Figure 4b ). This effect is more obvious for BC from biomass burning due to more homogeneous spatial distribution. On the contrary, traffic-related BC depends more on temporal variation of sources. The closer the source of emission, less dispersion is observed, regardless of PSQ class. Distribution of BC concentration is in general right-skewed, with common short-term peaks resulting from BC emissions from the sources which are close to the measurement site. Higher and more frequent peaks can be observed at traffic sites K4 and B (Figure 5b,d ) due to the proximity to traffic emissions. BC BB has the same temporal evolution at both concurrently measured sites (A and the corresponding traffic site; Figure 5a-d) , showing that the distribution of primary components of wood smoke across the city is homogeneous. At site A, the contribution of BB decreased by 5% and total BC concentration by more than 50% (from 4.2 to 2 µg m −3 ) from March to April. Besides lower emission from biomass burning, the meteorological effects and change in the PBL dynamics (see explanation in the next paragraph) contribute most to lower BC concentration measured in the April campaign.
Atmosphere 2018, 9, 21 7 of 12 Distribution of BC concentration is in general right-skewed, with common short-term peaks resulting from BC emissions from the sources which are close to the measurement site. Higher and more frequent peaks can be observed at traffic sites K4 and B (Figure 5b,d ) due to the proximity to traffic emissions. BCBB has the same temporal evolution at both concurrently measured sites (A and the corresponding traffic site; Figure 5a-d) , showing that the distribution of primary components of wood smoke across the city is homogeneous. At site A, the contribution of BB decreased by 5% and total BC concentration by more than 50% (from 4.2 to 2 µg m −3 ) from March to April. Besides lower emission from biomass burning, the meteorological effects and change in the PBL dynamics (see explanation in the next paragraph) contribute most to lower BC concentration measured in the April campaign. Traffic-related BC peaks reach up to 30-40 µg m −3 and 10-40 µg m −3 at intersection K4 and site B, respectively. Higher BCTR peaks at intersection K4 are the results of higher traffic density accompanied by the influence of acceleration due to traffic light dynamics. Considering the whole measurement campaign, traffic contributes 82% and 81% to total BC concentration for K4 and B site, respectively. Considering only traffic-related BC, the intersection K4 causes an increase of BCTR by a factor of 2.2 above background (mean value of BCTR: 6.5 µg m −3 at the intersection K4 compared to 2.9 µg m −3 at site A), whereas an increase by a factor of 1.4 was noticed for site B (mean value of BCTR: Traffic-related BC peaks reach up to 30-40 µg m −3 and 10-40 µg m −3 at intersection K4 and site B, respectively. Higher BC TR peaks at intersection K4 are the results of higher traffic density accompanied by the influence of acceleration due to traffic light dynamics. Considering the whole measurement campaign, traffic contributes 82% and 81% to total BC concentration for K4 and B site, respectively. Considering only traffic-related BC, the intersection K4 causes an increase of BC TR by a factor of 2.2
Atmosphere 2018, 9, 21 8 of 12 above background (mean value of BC TR : 6.5 µg m −3 at the intersection K4 compared to 2.9 µg m −3 at site A), whereas an increase by a factor of 1.4 was noticed for site B (mean value of BC TR : 2.1 µg m −3 at site B compared to 1.5 µg m −3 at site A). The factor differs for 1.6, which is explained by difference in traffic counts between both sites (Section 3.1). Diurnal variation of BC shows peaks, apportioned to traffic (Figure 6 ), which coincide with the traffic density peaks (see Figure 3) .
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2.1 µg m −3 at site B compared to 1.5 µg m −3 at site A). The factor differs for 1.6, which is explained by difference in traffic counts between both sites (Section 3.1). Diurnal variation of BC shows peaks, apportioned to traffic (Figure 6 ), which coincide with the traffic density peaks (see Figure 3 ). Atmospheric stability and the resulting mixing layer height is a dominant factor influencing dispersion of air pollutants emitted from the surface sources (as observed from Figure 4 ). PBL daily evolution is mainly controlled by the intensity of solar radiation reaching the ground which results in convective mixing within the PBL causing the dilution of air pollutants during the day. BC concentration thus exhibits characteristic diurnal variation with higher concentrations early in the morning during the morning traffic rush hour and in the late afternoon. Increasing PBL mixing height during the day leads to lower BC concentration. Diurnal variation of BCBB and BCTR is presented in Figure 6 for the background (A) and traffic sites (K4, B) for March and April measurement campaigns. Yellow areas mark daylight hours, corresponding to increased PBL mixing. BCBB shows a similar pattern at all measurement sites, with high concentration during the night and lower during the day. On the other hand, higher concentrations of BCTR are observed between 6:00 and 8:00 (local time, LT) in the morning. Formation of turbulent PBL during the day causes a decrease of BC concentrations. This is more obvious at site A, which is not directly influenced by emissions from proximal traffic. On the other hand, measurements close to traffic emissions show high values during the whole day. Smaller increases in BCTR at K4 and B are observed in the afternoon (14:00-15:00 LT) compared to mornings. BC concentration increases again soon after the sunset as a result of both emissions and the shift from a well-mixed PBL to the nocturnal stable conditions. The evening peak thus shifts to later hours from winter months towards summer solstice and was observed at 18:00-19:00 LT during the March campaign and at 20:00-21:00 LT during the April campaign.
The Influence of Cycling Route on Inhalation Exposure to Traffic Related BC
Measurements of BC were conducted on 31 May 2017 along the existing main cycling route and its alternative (Figure 1) , simultaneously at the same time twice in the morning (7:20 to 8:20 and from Atmospheric stability and the resulting mixing layer height is a dominant factor influencing dispersion of air pollutants emitted from the surface sources (as observed from Figure 4 ). PBL daily evolution is mainly controlled by the intensity of solar radiation reaching the ground which results in convective mixing within the PBL causing the dilution of air pollutants during the day. BC concentration thus exhibits characteristic diurnal variation with higher concentrations early in the morning during the morning traffic rush hour and in the late afternoon. Increasing PBL mixing height during the day leads to lower BC concentration. Diurnal variation of BC BB and BC TR is presented in Figure 6 for the background (A) and traffic sites (K4, B) for March and April measurement campaigns. Yellow areas mark daylight hours, corresponding to increased PBL mixing. BC BB shows a similar pattern at all measurement sites, with high concentration during the night and lower during the day. On the other hand, higher concentrations of BC TR are observed between 6:00 and 8:00 (local time, LT) in the morning. Formation of turbulent PBL during the day causes a decrease of BC concentrations. This is more obvious at site A, which is not directly influenced by emissions from proximal traffic. On the other hand, measurements close to traffic emissions show high values during the whole day. Smaller increases in BC TR at K4 and B are observed in the afternoon (14:00-15:00 LT) compared to mornings. BC concentration increases again soon after the sunset as a result of both emissions and the shift from a well-mixed PBL to the nocturnal stable conditions. The evening peak thus shifts to later hours from winter months towards summer solstice and was observed at 18:00-19:00 LT during the March campaign and at 20:00-21:00 LT during the April campaign.
Measurements of BC were conducted on 31 May 2017 along the existing main cycling route and its alternative (Figure 1 ), simultaneously at the same time twice in the morning (7:20 to 8:20 and from 8:55 to 9:50) and twice in the afternoon (14:15 to 15:00 and from 16:20 to 17:00) in order to remove the bias caused by the changing traffic density during the course of one measurement cycle. All measurements, from both repetitions along the same cycling route, are presented together in Figure 7 . The summary statistics between both cycling routes is presented in Table 2 . To observe the influence of intersections on BC concentration along both cycling routes, measurements were grouped in the intersection segment (approximately 20-m radius around the intersection area) and the straight part of the cycling route. Traffic density along the alternative cycling route is estimated to be about 50% lower (on average through the whole route) than at the main cycling route and is concentrated in the parts of the route along roads, whereas parts of the route leading through parks are distant from traffic influence. Although the number of mobile measurements along the same route are relatively low compared to recommendations given in the recent publication by Apte et al. [31] , the results presented in this study were obtained by simultaneous measurements along both routes, thus, avoiding differences in measurements due to meteorology. Additionally, measurements were conducted with a walking speed and, thus, represent 1-min average of BC concentration along the route.
are distant from traffic influence. Although the number of mobile measurements along the same route are relatively low compared to recommendations given in the recent publication by Apte et al. [31] , the results presented in this study were obtained by simultaneous measurements along both routes, thus, avoiding differences in measurements due to meteorology. Additionally, measurements were conducted with a walking speed and, thus, represent 1-min average of BC concentration along the route. Contribution of biomass burning during the time of mobile measurements can be neglected, since the heating season is already over at the end of May. Source apportionment of measured BC Contribution of biomass burning during the time of mobile measurements can be neglected, since the heating season is already over at the end of May. Source apportionment of measured BC concentrations shows less than 5% contribution of biomass burning, which is below the model uncertainty level. Results of mobile measurements show higher concentrations during the morning period, which is in accordance with diurnal variation of BC TR measured during the stationary measurements. Slightly lower concentrations were measured along the alternative cycling route, although no significant difference between both was noted during the morning measurements (t-test, p = 0.34 at 0.05 significance level). Mean values of 6.0 ± 5.1 and 5.3 ± 4.8 µg m −3 were recorded along the main and alternative cycling routes, respectively.
Afternoon measurements show similar concentrations to the morning ones along the main cycling route, whereas slightly lower BC concentrations were measured along the alternative route, which implies that BC concentrations close to strong traffic sources are influenced by traffic density alone, regardless of weather conditions and convective mixing. Mean values of 6.4 ± 4.9 and 4.5 ± 6.0 µg m −3 were measured along the main and alternative cycling route in the afternoon, respectively. More intense dispersion of pollutants in the early afternoon causes stronger gradients of concentrations with increasing distance from sources, which results in significantly lower concentrations at the alternative route (t-test, p = 0.02 at 0.05 significance level). However, peak values of 20-30 µg m −3 remain the same regardless of the time of day or the choice of the cycling route.
Much higher BC peaks were measured close to the intersections, where vehicles stop and accelerate, representing areas with the highest cyclists' exposure. BC concentrations are decreasing with increasing distance from the intersections, which can be noticed especially for measurements performed along the alternative cycling route (Figure 7 ). Morning measurements show overall higher BC concentrations, which is in accordance with the static measurements. Thus, although higher mean BC was observed at intersections, concentrations are not significantly different from the rest of the cycling route. This effect was observed at both routes. However, in the afternoon, the influence of intersections at the main cycling route became significant (t-test, p = 0.01 at 0.05 significance level). Intersections at the alternative route, on the other hand, are much smaller with lower traffic density, which results in smaller influence of intersections.
Taking into account the length/exposure ratio of the main and alternative route, the results imply that the main parameter affecting the inhalation exposure is in fact the number of intersections at which cyclists have to stop, which not only increases the total concentration to which they are exposed, but also increases duration of exposure. The number of street intersections along the cycling route thus directly influence the cyclists' exposure and should be reduced when planning cycling routes in urban areas.
Conclusions
The measurements in an urban environment, impacted by traffic and biomass burning have shown, that primary traffic air pollution, and black carbon in particular, impact the exposure of cyclists significantly. Results imply that the planning of cycling routes should aim for larger distances between cycling routes and motorized traffic, should take into account the number of intersections and consider at the same time exposure/distance trade-offs.
A combination of stationary and mobile measurements has provided important information regarding black carbon sources, the impact of atmospheric conditions and implication for the inhalation exposure of cyclists. We positioned the background measurement site A between the two traffic sites K4 and B. All three sites were along the main street through the city and were directly or indirectly impacted by the same traffic. The measuring sites A and B differ only in the distance from the road. Site A is 20 m from the road, while site B is less than 2 m from the road. Using the aethalometer source apportionment model, we have shown that BC from biomass burning presents a homogeneous background onto which local contributions from traffic are overlaid. The traffic contribution is related to the diesel traffic density and falls rapidly with the distance from the street.
Mobile measurements along the existing main cycling route and the proposed alternative one showed that the impact of traffic is limited primarily to the vicinity of the source of pollution, especially intersections with accelerating vehicles, while the impact diminishes already some 10 m away from traffic roads, with up to ten-times smaller BC concentrations.
We show that the proximity of cycling routes to dense traffic and a large number of intersections of motorized traffic should be avoided when planning the cycling routes in cities. Planning cycling routes some ten or even 100 m away from the main traffic roads to routes, where traffic is significantly lighter, reduces the inhalation exposure of cyclists by a significant amount in case traveling distance remains similar. Our results show that motorized traffic and cycling routes should be separated, and their management should be planned together. Local urban management should, at the same time, focus on the reduction of traffic-related air pollution, which becomes especially important during stable atmospheric conditions. The number of street intersections along the cycling routes should be reduced when planning cycling routes in urban areas to reduce cyclists' exposure to air pollution.
